Magnetization reversal mechanisms in composite exchange-coupled dual-layer ͑composite͒ patterned media are allowed in the regime of precessional reversal, which is characterized by substantially reduced reversal fields. An important property of precessional reversal in composite patterned media is that it can occur for recording field rise times of more than an order larger than those in patterned media comprising homogeneous elements. These longer rise times can be allowed by realistic recording systems even for materials with ultrahigh coercivity. The reversal field and rise times required for precessional reversal can be controlled by varying the soft layer parameters and coupling strength between the layers.
I. INTRODUCTION
The phenomena of precessional reversal in exchange coupled composite patterned magnetic media elements are studied. It is shown that precessional reversal in such media not only leads to reduced reversal fields but also can occur for substantially increased external field rise times.
Perpendicular patterned media have been proposed as a route to overcome the superparamagnetic effect and to realize magnetic recording with areal densities of more than 1Tbit/ in. 2 . [1] [2] [3] Further improvements can be achieved by using composite structures, where every medium element is composed of two or more layers with different anisotropies that are ferromagnetically coupled through their common interfaces. [4] [5] [6] Such media allow switching of hard layers with ultrahigh anisotropy thus enhancing the thermal stability.
An additional way to reduce the reversal field while using ultrahigh coercivity materials is the phenomenon of precessional reversal, which in the case of homogeneous media allows for reversal fields below the classical StonerWohlfarth limit. 7 However, for homogeneous magnetic elements, precessional reversal is allowed only for write magnetic field with a rise time on the order of a precessional oscillation time in the material, [8] [9] [10] [11] which can be ultrasmall for high coercivity materials and thus unachievable in realistic recording systems. Therefore, identifying structures or methods that lead to precessional reversal for increased write field rise times is important in a wide range of applications to construct recording systems. Many works on precessional reversal notwithstanding, 12, 13 the dynamic behavior of precessional reversal in exchange coupled media has not been addressed.
This paper investigates phenomena of precessional reversal in exchanged-coupled dual-layer patterned media by means of micromagnetic simulations. It is shown that precessional reversal in such media can be obtained not only for reduced reversal fields but also for write field rise times more than an order larger than those in homogeneous elements. Dependences of the reversal field and rise time on various structure parameters are investigated.
II. STRUCTURE CONFIGURATION
Consider a composite magnetic element of square cross section with width w that comprises a ͑top͒ soft layer of thickness t s having vanishing anisotropy energy K s = 0 and a ͑bottom͒ hard layer of thickness t h = w / 2 having a vertical ͑ŷ directed͒ anisotropy with high anisotropy energy K h ͑see inset in Fig. 1͒ . Both layers are characterized by the same damping constant ␣ and saturation magnetization M s . The layers are coupled over their common interface by the exchange energy per surface area J s . An external magnetic field H ext is applied under an angle in the x-y plane and is described by H ext =−H a ͓1−2 exp͑−2t / ͔͒͑x sin + ŷ cos ͒, where H a is the field strength and is the field rise time. The minimal field H a leading to magnetization reversal is referred to as the reversal field H r .
Here, magnetization reversal was characterized by solving numerically the Landau-Lifshitz-Gilbert ͑LLG͒ equation taking into account both gyromagnetic precession and torque components as well as all components in the effective magnetic field.
14 The time step for the integration of the LLG equation was chosen adaptively based on the rate of the magnetization variation.
In all simulations, the hard layer thickness was w = 10 nm, the hard layer anisotropy energy is K h = 3.75 ϫ 10 6 erg/ cm 3 corresponding to the coercivity H k = 15 kOe, the saturation magnetization is M s = 500 emu/ cm 3 , and the exchange length is l ex = w = 10 nm corresponding to an exchange constant of A = 0.25ϫ 10 −6 erg/ cm. 15, 16 to lead to nearly minimal reversal fields for all the structure parameters chosen. The external field angle , rise time , and soft layer thickness are varied over wide ranges as discussed next.
III. RESULTS AND DISCUSSION
We start our analysis by obtaining reversal fields as a function of the angle for different damping constants ␣ in the case of an exchange coupled dual-layer element with t s = t h . The results are compared with results obtained for a homogeneous element with the geometrical and material parameters identical to those of the hard layer of the dual-layer element. The external field is assumed to rise instantaneously ͑i.e., =0͒. Figure 1͑a͒ depicts curves of the x and y vector components of the reversal field. The curve for the homogeneous element in the high damping regime ͑␣ =1͒ agrees well with the Stoner-Wohlfarth limit. In the regime of small damping ͑i.e., ␣ = 0.1͒, the reversal field is reduced. This reversal field reduction is associated with the phenomenon of precessional reversal, which in homogeneous elements occurs when the rise time is smaller than the half-precessional oscillation time of the material. In the case of the exchange coupled dual-layer element, the reversal field is significantly below that of the homogeneous element. The reduction of the reversal field in the low damping regime ͑␣ = 0.1 and ␣ = 0.01͒ is very well pronounced both as compared to the homogeneous element and to the dual-layer element in the high-damping regime. The reduction is more significant for larger angles ͑larger x reversal field component͒. For example, at = 45°, the reversal field reduction is about 30% and at larger angles, it is more than twofold. Similar to homogeneous elements, this reversal field reduction is associated with precessional reversal. However, as shown below, precessional reversal in composite elements is characterized by several unique properties. Figure 1͑b͒ shows the reversal field dependence on the soft layer thickness t s for different damping constants ␣. Other structure and field parameters were set as in Fig. 1͑a͒ . The reversal field decreases significantly with an increase of the soft layer thickness. In addition, in agreement with Fig.  1͑a͒ , the reversal field is substantially smaller for smaller damping constants. Therefore, changing the thickness of the soft layer can be used as a means to reduce ͑or tune͒ the reversal field. We also have studied the dependence of the reversal field on the saturation magnetization and coercivity of the soft layer in case K s 0. The reversal field was found to decrease with an increase of the saturation magnetization of the soft layer but increase with an increase of the coercivity of the soft layer.
Any realistic external field has a finite rise time and, therefore, the dependence of the reversal field on the rise time is an important characteristic of the reversal mechanisms. Figure 2͑a͒ shows the normalized reversal field H r as a function of the rise time for homogeneous and dual-layer elements with different soft layer thicknesses t s and a small damping constant ␣ = 0.01 under the external fields applied at an angle = 45°. It is found that all curves show a similar trend, and the reversal field is nearly constant for sufficiently small rise times. Starting from a certain rise time, the reversal field increases rapidly from a lower level H low to a higher level H high . This transition corresponds to the transition of precessional mode to damping mode. To characterize the interval of this transition, we define the characterized rise times 0.2 and 0.8 as rise times that leads to the reversal field level H low + 0.2͑H high − H low ͒ and H low + 0.8͑H high − H low ͒, respectively. For Ͼ 0.8 , H r exhibits maxima and minima in its dependence of . In homogeneous elements, this behavior was associated with the fact that reversal also occur when matches a half-precessional time plus the time of integer number of precessional oscillations. Similar phenomena also occur in the case of composite elements. However, the reversal field in these minima is higher and one needs to have a specific rise time ͑or pulse duration͒, which may be hard to achieve in practical systems. On the other hand, for any Ͻ 0.2 , reversal is always precessional. Therefore, here, the cases of Ͻ 0.2 and Ͼ 0.8 are referred to as those corresponding to precessional and damping regimes, respectively.
With an increase of the soft layer thickness, together with the decrease of the switching fields, the rise times required for the precessional reversal, i.e., 0.2 , are increased. Remarkably, in the case of a dual-layer element, this increase can be more than an order compared to the case of homogeneous elements. The dependence of the characteristic rise times 0.2 and 0.8 on the soft layer thickness is shown in Fig. 2͑b͒ . It is observed that in the range 0 ഛ t s ഛ 2t h , the characteristic rise time increases rapidly. This regime is accompanied by a nearly uniform reversal in both soft and hard layers. The relatively large exchange lengths cause the dual-layer element to behave approximately as two exchange coupled spins. 12, 15 In the range 2t h ഛ t s ഛ 4t h , the characteristic rise times 0.2 and 0.8 saturate at the level of 150 and 250 ps, respectively. This behavior is accompanied by a nonuniform reversal in the soft layer. Because of the large soft layer thickness, the system behaves as a chain of spins and the extra part of the chain longer than exchange length has a weaker effect. 16, 17 We have also studied the dependence of the characteristic rise times on the exchange energy J s and found that, for the structure parameters under consideration, the rise times required for precessional reversal can vary in a wide range from 10 to 120 ps. Thus, the exchange coupling ͑i.e., J s ͒ can be used as a means for controlling the reversal mechanism. The substantial increases of the rise time in dual layer elements can allow for precessional reversal to occur even in magnetic elements with ultrahigh coercivities.
IV. CONCLUSIONS
The phenomena of precessional reversal in exchangecoupled dual-layer composite patterned media were shown to lead to significantly reduced reversal fields and is allowed for write field rise times more than an order larger than in homogeneous media with the same anisotropy. The required rise time can be controlled by the soft layer thickness and exchange interlayer coupling strength of the composite element. The substantial increase of the required write field rise time in the case of composite elements can allow for the use of precessional reversal mechanism in practical recording systems: materials can be utilized with ultrahigh anisotropies thus solving problems of thermal instabilities normally associated with reduced reversal fields. Fast precessional reversal mechanism in more complicated composite elements leads to further reduction of the reversal field and increase of the critical rise time. 18 
